INTRODUCTION
An outbreak of a noti®able exotic viral disease can have major welfare and economic consequences. In many countries, including the UK, it requires the immediate slaughter of all animals on affected farms and the decontamination of premises. However, in the event of such an outbreak on an intensive pig farm, there may be the additional problem of large quantities of pig slurry that may be contaminated with the virus. This cannot be disposed of in the usual manner by spreading onto agricultural land, as some virus may remain infective for long periods of time in the slurry and disposal on ®eld risks spreading the virus to adjacent farms. The virus must therefore be rendered non-infective before disposal of the slurry.
Previous studies have shown that the presence of suspended material and solids in the slurry renders some virus inactivation techniques unsuitable, e.g. u.v. irradiation, ozonation, etc. (Turner and Burton 1997) . Two methods were identi®ed as being potentially suitable for virus inactivation in slurry: the addition of an alkali chemical (calcium hydroxide or sodium hydroxide) or thermal treatment. Laboratory-scale experiments (Turner and Williams 1999) showed that either could be used to inactivate African swine fever virus (ASFV) or swine vesicular disease virus (SVDV). However, scale-up considerations and a costing analysis showed that thermal inactivation was likely to be more suitable and considerably cheaper. In addition, it is more likely to be a generic method suitable for inactivating not only viruses, but also pathogenic bacteria (subject to further testing). Also, slurries that have been heat-treated may also be disposed of more easily than those which have been dosed with chemicals; these may contain up to 2% sodium or calcium hydroxide. Hence thermal decontamination was deemed to be more suitable.
Considering the energy costs and requirements for scaleup to produce a mobile treatment plant, it was apparent that a continuous process would be essential for achieving decontamination. A pilot plant was therefore designed, constructed and tested against ASFV and SVDV (Turner et al. 1999a) . The complete pilot plant is shown in Fig. 1 . In summary, it consisted of a tank containing untreated slurry (V1) and a submersible pump (S1) for stirring the slurry, peristaltic pumps (P1 and P2), a heat exchanger (HE1), a thermally insulated reactor (R1), a tank for treated slurry (V2), a hot water cylinder and heater (V3) and a central heating pump (P3). Virus suspension was supplied from a tank (V4). Cold, untreated slurry was pumped into the heat exchanger, where it was ®rstly warmed by the heat from the exit¯ow of treated slurry and secondly raised to the required temperature by the hot water¯ow. The untreated, heated slurry passed through the reactor where it was maintained at the required temperature for the required period of time. The treated slurry then passed through the other side of the heat exchanger (to warm the cold, incoming slurry) and was ®nally collected in tank V2. The heat exchanger was not only used to heat the slurry but was also crucial to recover the heat, thus greatly reducing the energy costs of the process, which is important in scale-up.
Following laboratory-scale experiments, a treatment period of 5 min was selected as the required minimum residence time for slurry passing through a pilot plant. A reduction in virus titre by a factor of 10 4 was adopted as the criterion for effective decontamination. This 10 4 reduction in titre is the same as that required in tests for commercial disinfectant ef®cacy prior to licensing by the UK Ministry of Agriculture, Fisheries and Food and this study used procedures and protocols for monitoring virus inactivation that were based on those regularly used for disinfectant testing and licensing. This implied that at least 99Á99% of slurry needed to be subjected to a minimum treatment time of 5 min. Liquid passing through a single stirred vessel does not all experience the same residence time; some will pass through more quickly than the mean and some is retained longer. From mathematical modelling (Turner et al. 1999a) , the number of continuous stirred tank reactors (CSTRs) in series required for a particular ow rate was calculated to ensure that 99Á99% of the slurry was present in the reactor for a minimum period of 5 min. Using this model and these conditions, it was shown that eight CSTRs in series would be required if a¯ow rate of twice the total CSTR volume per hour was used. This was achieved in a 50-l cylindrical reactor with¯ange-mounted end plates, separated into eight individual compartments by baf¯es (R1 in Fig. 1 ). There was a 2-mm peripheral clearance between the baf¯es and the reactor wall to allow slurry to pass through. A rotating concentric shaft ®tted with eight paddles enabled mixing of the reactor contents. This was powered by a hydraulic motor (M1) allowing speeds of up to 150 rev min À1 . Slurry was pumped into the reactor at one end, passed through all the compartments and discharged at the other end. Each compartment in the reactor was ®tted with a temperature probe (platinum resistance thermometer) and had a gate valve ®tted to allow each compartment to be individually sampled.
Following the successful construction and testing of the pilot plant described above in decontaminating slurry containing ASFV and SVDV (Turner et al. 1999a) , it was used against three further viruses: foot and mouth disease virus (FMDV), classical swine fever virus (CSFV) and Aujeszky's disease virus (ADV).
Foot and mouth disease virus
Foot and mouth disease virus is a member of the Picornaviridae family of viruses, genus Aphthovirus. The disease causes foot lesions accompanied by lameness and may be subclinical. Foot and mouth disease is a highly contagious disease of cloven-hoofed animals (cattle, sheep, pigs, etc.). It is generally transmitted through the air or by direct contact with infected animals, with the disease being known to have been transmitted more than 150 miles by wind. Bovines are very susceptible, due to the large volume of air inhaled by the animal, whilst virus production is much greater in pigs, which can release huge numbers of virions through exhaling. It is believed that pigs can excrete up to 10 5 À10 8 infectious units per day in aerosols from breath (Pensaert 1989) . Economically, it is very important, as it can spread very rapidly producing a large number of infections. Foot and mouth disease virus is known to be very resistant to heat inactivation in milk and other media (Walker et al. 1984; Dekker 1998 ).
Aujeszky's disease
Aujeszky's disease virus, which is also known as pseudorabies virus, is a member of the Herpesviridae family of viruses. It causes a disease of the central nervous system and respiratory system in domestic and wild animals but is of greatest economic consequence in pigs, which are the only natural hosts for the virus. In pigs, a mild respiratory disease occurs in adults, although mortality is high in piglets. Cases may rarely occur in cattle, sheep, goats, dogs, cats, mink, foxes, deer, rabbits, mice and rats. Mortality is high in species other than pigs. Humans are unaffected. The rise in intensive pig farming has seen a corresponding increase in the presence and spread of this disease, probably because of the increased density of animals and farms. At the height of the disease, pigs can excrete 10 5Á8 À10
8Á3
TCID 50 ml À1 nasally (Pensaert 1989) .
Classical swine fever virus
Classical swine fever virus is a member of the family Flaviviridae (genus Pestivirus) and only affects pigs. Classical swine fever (CSF) is a haemorrhagic disease and is very variable in its effects. It can be very mild but, at its most severe, there is high morbidity and mortality. The spread of CSFV is due to direct contact with infected pigs, ingestion of products from infected pigs or, most signi®-cantly, through the movement of infected pigs. Problems may arise because pigs incubating the acute form of the disease can shed virus before showing clinical signs. Classical swine fever virus was prominent following an outbreak in 1997 on the European continent, particularly in the Netherlands. The cost of the outbreak was estimated to be over 10 7 Euros. Millions of pigs had to be slaughtered and some doubt remains as to whether the outbreak may return due to the presence of the virus in populations of wild boar in continental Europe. No data were available for the number of virus particles produced in blood during the course of the disease. However, other viral haemorrhagic diseases, such as African swine fever virus, can produce as much as 10 9 TCID 50 ml À1 in blood (McVicar 1984) .
M A T E R I A L S A N D M E T H O D S Virus isolates and stock preparation
The FMDV strain OBFS1860 was used and was tissue culture adapted. The ADV strain was KEY2/89 which was isolated (post mortem) in 1989 from the optic nerve of a seropositive pig following hexamethasone-induced reactivation. This was the predominant strain circulating in Britain prior to eradication. The CSFV strain used was 86/2, isolated post mortem from a ®eld case in the 1986 outbreak and obtained from the fourth passage in PK15 cultures. The ADV and CSFV strains used in this project were obtained from the Veterinary Laboratories Agency (New Haw, Surrey, UK). None of the strains was adapted for laboratory use; all were obtained from real outbreaks and were considered to be the most representative of any future likely outbreak available.
Recovery of virus from slurry
The methods used were developed from previous work on ASFV and SVDV (Turner et al. 1999b) and are described below.
Aujeszky's disease virus. Equal volumes of ox serum (adult bovine serum; JRH Biosciences, Lenexa, KS, USA) and slurry containing ADV were combined, stirred for 30 min, centrifuged at 7000 g for 1 min and the supernatant uid assayed as described below.
Foot and mouth disease virus. Equal volumes of Freon (1,1,2 trichloro¯uoroethane) and slurry±virus suspension were combined, vigorously shaken for a few minutes and centrifuged at 8000 g for 90 s. The supernatant¯uid was then assayed as described below.
Classical swine fever virus. To avoid false positives during the assay for CSFV, all serum used was prescreened for the presence of bovine diarrhoeal virus (BDV) or BDV antibodies. Hence BDV-screened foetal calf serum (FCS; Foetal Bovine Serum from Autogen Bioclear (Holly Ditch Farm, Wiltshire, UK), g-irradiated and virus-and mycoplasma-screened; was used for the recovery of this virus from slurry. Equal volumes of BVD-screened FCS and slurry containing CSFV were combined, stirred for 30 min, centrifuged at 7000 g for 1 min and the supernatant¯uid assayed as described below.
Assays
Foot and mouth disease virus assay. Samples were serially diluted 10-fold in virus diluent (phosphate-buffered saline (PBS) containing 1% antibiotics solution, 1% ox serum or BDV-screened FCS and 0Á1% phenol red). A volume (200 ml) of each dilution was added (in duplicate) to a con¯uent monolayer of baby hamster kidney (BHK) cells on each well of a six-well plate. These cells were placed in an incubator providing 5% CO 2 in air at 37 C for 1 h and were then overlaid with 2 ml Eagles overlay medium supplemented with 2% ox serum, 1% antibiotics solution and 0Á8% Noble agar. After incubating for a further 48 h, the infectious virus titre (plaque-forming units (pfu) ml À1 ) was determined following staining with 2 ml methylene blue solution, counting plaques and adjusting to get an infectious virus titre per ml. The minimum detectable titre of FMDV was 10 0Á7 pfu ml À1 .
Aujeszky's disease virus assay. Samples were serially diluted 10-fold in virus diluent. A volume (100 ml) of each dilution was added to each of four wells containing 50 ml BHK cells in Glasgow Eagles medium on a 96-well plate. Glasgow Eagles was prepared in-house at the Institute for Animal Health. The plates were sealed, shaken gently and incubated for 6 d at 37 C in air containing 5% CO 2 . At the end of this incubation period, the wells were examined microscopically and any well containing syncytia was designated positive. The ADV titre (TCID 50 ml À1 ) was calculated from the number of positive wells observed at each dilution. The minimum detectable titre was 10 1Á2 TCID 50 ml À1 .
Classical swine fever virus assay. Samples were serially diluted 10-fold in virus diluent. A volume (50 ml) of each dilution was added to each of four wells on a 96-well plate. LPK-15 cells were prepared in Glasgow Eagles medium (containing BDV-screened FCS) to a concentration of at least 3 Â 10 5 cells ml À1 . A volume (50 ml) of the cell suspension was then added to each well. The plates were incubated in an incubator providing 5% CO 2 in air at 37 C for 5 d and were removed and ®xed using 20% acetone in phosphate buffer, dried and then frozen prior to assay. The assay contained the following steps:
1 adding 50 ml monoclonal antibody to CSF viral protein (pool 103, 105 and 112) at a concentration of 1 : 50 in conjugate buffer (PBS, Tween 80 and NaCl to pH 7Á6 with 1 mol l À1 NaOH) to each well and incubating plate at 37 C for 15 min; 2 washing each well three times with wash buffer (PBS, Tween 80 to pH 7Á6 with 1 mol l À1 NaOH); 3 adding 50 ml peroxidase-conjugated rabbit antimouse immunoglobulins (Dako, Cambridgeshire, UK) at a concentration of 1 : 150 in conjugate buffer to each well and incubating plate at 37 C for 15 min; 4 washing each well three times with wash buffer and then once with water; 5 adding 50 ml substrate (carbazole dissolved in dimethyl formamide added to substrate buffer containing glacial acetic acid and sodium acetate at pH 5, with hydrogen peroxide added just prior to use) to each well and incubating plate at 37 C for 15 min and 6 the plate is then washed once with wash buffer and examined microscopically. Any plate which demonstrates that stain has been taken up by the cells is designated positive.
The CSFV titre (TCID 50 ml À1 ) was calculated from the number of positive wells observed at each dilution using the Spearman-Ka Èrber method (cited in Wunner 1991). The minimum detectable titre was 10 1Á8 TCID 50 ml
À1
.
Slurry
The pig slurry used in these experiments came from a commercial source and had the following average characteristics (assays according to APHA (1985) ): total solids content, 1Á5%; chemical oxygen demand, 11 g l À1 ; Kjeldahl nitrogen concentration, 1Á2 g l À1 ; ammoniacal nitrogen concentration, 0Á8 g l À1 . Uninfected slurry was assayed prior to all experiments for the presence of viruses that could interfere with assays and found to be negative.
Laboratory-scale thermal inactivation experiments
Slurry or Glasgow Eagles medium was preheated at the required temperature in 25-ml glass bottles placed in a water-bath prior to inoculation with virus. When the temperature had equilibrated, virus was added to the slurry or Glasgow Eagles medium and the required temperature was maintained. Samples were removed at the required elapsed time intervals, extracted and assayed according to the procedures described above.
Pilot plant trials
Trials were conducted to determine the temperatures at which each of the viruses was inactivated in slurry and to compare these with previous results from laboratory experiments. Virus had to be added to the slurry arti®cially to provide a known starting material rather than seeking sources of infected slurry. As the ratio of heat exchanger residence time to reactor residence time was much greater in the pilot plant than would be expected in a full-scale unit, virus inactivation in the pilot heat exchanger could have been considerable, thus preventing meaningful measurement of the effectiveness of the reactor. To overcome this problem, virus was suspended in either slurry or water (in V4), depending on the medium being used in the trial, and was then pumped (by pump 2) directly into the main slurry¯ow at a point just before the inlet into the reactor (Fig. 1) . The virus and slurry (or water) mix was added at 5% of the¯ow rate of the main¯ow of slurry or water through the pilot plant, thus diluting the virus 20-fold.
Three pilot plant trials were performed with each virus (two in slurry and one in water) to establish whether virucidal properties of slurry would lead to lower inactivation temperatures than in water. Slurry or water (with virus added) was pumped through the reactor at a rate of 100 l h À1 (i.e. 2 reactor volumes h À1 ) for a suf®cient period to ensure that steady-state operation had been achieved. In practice, this was 3 h, equivalent to the passage of six reactor volumes of liquid. At the end of this period, samples were taken as follows: from each of the compartments in the reactor (C1±C8, with C8 being the compartment adjacent to the entry of contaminated medium); the feed slurry/water (in V1, as a control); the virus and slurry/ water suspension (in V4); the treated slurry (entering V2) and the neat virus stock prior to dilution. The temperatures in each compartment and at the inlet and outlet pipe of the reactor were also recorded.
R E S U L T S Laboratory-scale thermal inactivation experiments
Foot and mouth disease virus. Results showing the thermal stability of FMDV at different temperatures are given in Table 1 . This table shows the FMDV titres measured at various times after being incubated at the quoted temperature in slurry or Glasgow Eagles medium. The relevant stock virus titres are also reported. The results show that FMDV is a remarkably thermally stable virus, surviving with little or no loss of titre at 55 and 60 C. Even at 65 C, the virus did not drop to below detectable levels within 5 min in slurry or in Glasgow Eagles medium. Foot and mouth disease virus was found to be more thermally stable in Glasgow Eagles medium than in slurry. It is believed that this was due to dissolved ammonia, which is usually present in the un-ionized form (NH 3 ) unless, unusually, the slurry pH is less than approximately 7. In these experiments, the slurry pH was approximately 7Á5, and, therefore, together with the effects of the higher temperature (which increases the proportion of un-ionized ammonia) it is likely that ammonia contributed to the fact that FMDV was inactivated more rapidly in slurry than in Glasgow Eagles medium at the same temperature.
Aujeszky's disease virus.
Results showing the thermal stability of ADV at different temperatures are given in Table  2 . As can be seen, ADV was not inactivated within 5 min in either slurry or Glasgow Eagles medium at 60 C; however, at 62 C, inactivation to below detectable levels took between 2 and 4 min in slurry and after about 5 min in Glasgow Eagles medium. Again, inactivation occurred more rapidly in slurry than in Glasgow Eagles medium at a given temperature.
Classical swine fever virus. Results showing the thermal stability of CSFV at different temperatures in slurry and Glasgow Eagles medium are given in Table 3 . These results show that a temperature of 60 C was suf®cient to inactivate CSFV to below detectable levels in slurry, but again, inactivation in Glasgow Eagles medium required a higher temperature. Classical swine fever virus appeared to be slightly less thermally stable than ADV and much less thermally stable than FMDV at laboratory scale.
Pilot-scale thermal inactivation experiments
Having determined the thermal stability of FMDV, ADV and CSFV under batch conditions in the laboratory, the next step was to determine the temperatures required to inactivate each virus under continuous processing conditions in the thermal treatment pilot plant. Three pilotplant trials were undertaken with each virus, two to determine the temperature required to inactivate that virus in slurry and the third to con®rm that the treatment temperature to be recommended for full-scale use as a result of this work would be effective in water (and very dilute slurries). This was done because it has been shown that slurry has a virucidal effect and because it was not feasible to test every possible slurry type. Thus, because water lacks the viruci- 
ND, Not done. FMDV titres given are expressed as log 10 pfu ml À1 S1, S2 and S3 refer to replicates of that sample.
dal properties, inactivation in water can be assumed to be dependent on temperature alone. During each trial, the reactor inlet and outlet temperatures were recorded, as were the temperatures in each of the eight compartments of the reactor. Samples of the uninfected feed slurry, treated slurry leaving the system and from each compartment (labelled C1±C8) were taken at the end of each trial. In addition, the virus and slurry or water mixture was sampled, as was the stock virus culture. Results for the programme of pilot-scale experimental trials are given in Table 4 . The table shows the virus titres measured in each of the samples taken and also gives the range of temperatures in the reactor compartments at the time the samples were taken. All trials done were successful in inactivating the virus to below detectable levels by the time the slurry had left the reactor.
D I S C U S S I O N
The results summarized in Tables 1±4 provide information about the thermal stability of foot and mouth disease, Aujeszky's disease and CSF viruses in both pig slurry and Glasgow Eagles medium or tap water under batch and continuous processing conditions. These results have shown that, as expected, the different viruses exhibit different thermal stability characteristics, with FMDV being by far 
Trace, At least one but less than four positive wells was observed in the undiluted sample, hence the titre was less than 1Á2, but could not be determined; ND, not done. ADV titres given are expressed as log 10 TCID 50 ml À1 . S1 and S2 refer to replicates of that sample. Control virus titre for all experiments was measured at 7Á0 log 10 TCID 50 ml
À1
. Trace, At least one but less than four positive wells was observed in the undiluted sample, hence the titre was less than 1Á8, but could not be determined. CSFV titres given are expressed as log 10 TCID 50 ml À1 .
the most heat stable of all three viruses. In spite of the thermal stability of FMDV, it was shown that the thermal treatment pilot plant used to test the continuous thermal decontamination process was effective in inactivating FMDV and the other viruses in both pig slurry and water. This is subject to the pilot plant being used in the manner for which it was designed and tested, i.e. with a¯ow rate of two reactor volumes per hour (100 l h À1 ) and eight compartments in the reactor. This enables at least 99Á99% of the slurry or water medium to be maintained within the reactor for a minimum of 5 min, which has been shown to be suf®cient to ensure a reduction in virus titre by a factor of at least 10 4 . It was demonstrated at laboratory scale that FMDV, ADV and CSFV were all inactivated more rapidly in slurry than in Glasgow Eagles medium at the same temperature. Previous experiments (Turner et al. 1999a) showed that the most likely cause of this was the presence of ammonia in slurry. Pig slurry usually has an alkaline pH, usually between pH 7Á5 and 8. Under these circumstances, a significant proportion of the ammonia in the slurry will be present in the form of un-ionized ammonia molecules (NH 3 ), which are known to have virucidal properties. Furthermore, heating the slurry is known to increase the proportion of NH 3 . This virucidal effect was demonstrated by acidifying slurry to a pH of around 6Á5, at which pH ammonium ions predominate. Pilot-plant trials were then conducted with SVDV in this slurry (identical to that used in previous trials, apart from the pH) and it was found that the temperature required for inactivation was higher than for unacidi®ed slurry. The laboratory-scale experiments in this project with FMDV, ADV and CSFV all indicate that this effect is likely to be similar for these viruses and for SVDV. However, the relatively large-scale acidi®cation of slurry required for the pilot-plant experiments has health and safety implications, hence tap water was used as an alternative to acidi®ed slurry. Hence, if the virus of interest is inactivated in water at a given temperature, it will also be inactivated in slurry with any given characteristics at that same temperature. This was the reason for performing at least one pilot-plant trial with each virus with tap water. It was apparent from the results that all of the viruses (including the highly thermally stable FMDV) were inactivated in water (as well as slurry) using the pilot plant. Recommendations for inactivation temperatures to be used in full-scale plants were formulated so that effective treatment could be ensured in the absence of any virucidal effects caused by the slurry.
It was also found that the temperature required for inactivation to below detectable levels was lower for continuous processing (as in the pilot plant) than in batch-scale processing (as in the laboratory-scale experiments). This is possibly due to the large headspace available in the batch-scale Table 4 Results of pilot-scale thermal treatment trials on foot and mouth disease virus (FMDV), Aujeszky's disease virus (ADV) and classical swine fever virus (CSFV) Virus and trial no. ). Trace, Some virus was present at a very low level but its titre could not be determined.
experiments, to allow ammonia that has come out of solution to dissipate. In the pilot plant on the other hand, there is very little headspace throughout the entire system, so ammonia is unable to dissipate and thus may be able to exhibit virucidal activity for a longer time period. The temperature required for inactivation was found to be slightly different for each virus. From the results given in Table 4 and considering virus in slurry and water, it is recommended that a full-scale mobile treatment plant, when used to treat farm-scale quantities of contaminated slurry, should operate at a minimum of 70 C for FMDV, 65 C for ADV and 65 C for CSFV. This is more than enough to cause inactivation of the virus in question to below detectable levels in slurry of any concentration, or water, and allows a reasonable margin of error during operation to provide con®dence in the treatment process.
The levels of virus likely to be present in slurry following disease outbreaks are unknown; however, in the case of FMDV and ADV, the diseases are non-haemorrhagic and hence the animals' faeces are unlikely to contain high quantities of blood, which is the main source of virus present in faeces. Hence, the levels are likely to be relatively low, perhaps 10 2 À10 3 units at most. In the case of CSFV, there is likely to be a quantity of blood present in the faeces; this is not likely to be in excess of 1% of the total volume of the slurry, which means a total of up to 10 7 TCID 50 ml
slurry. This is comparable to the levels inoculated into the slurry in this study. Although the inactivation kinetics may be different at very low levels of virus, such virus levels cannot be detected and hence it is not possible to determine this. The levels required for infection of the animals depend on whether the virus is introduced through being inhaled, ingested or through open cuts. No published data could be found on the levels required to infect pigs from slurry with virus, so it is not possible to say whether inactivation to below detectable levels is suf®cient to prevent infection. However, the operation of the plant at a temperature several degrees C above what is required in setting the operating conditions of the plant should provide a suf®cient margin of safety.
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